impaired reversal of a previously learned object discrimination but had no effect on acquisition of a novel one. Specific impairments of reversal learning were also observed in monkeys 9 and 30 days after repeated administrations of cocaine (2 or The compulsive drug seeking and taking behavior that is characteristic of drug addiction has recently been attributed to complex, inter-related dysfunctions in neural systems mediating incentive motivation and behavioral regulation (e.g., the striatum, amygdala and ventral frontal cortex; Jentsch and Taylor 1999; Robbins and Everitt 1999; Volkow and Folwer 2000; Berke and Hyman 2000) . Several lines of evidence support this hypothesis. First, drug addicts exhibit altered cerebral blood flow and metabolism within the striatum, amygdala and frontal cortex both at baseline and after drug-induced craving (c.f. Volkow and Fowler 2000; London et al. 2000) . Second, chronic drug administration affects the neurochemistry and anatomy of these brain regions in animal models (Nestler and Aghajanian 1997; Robinson and Kolb 1997; Wolf 1998; Berke and Hyman 2000; Vandershuren and Kalivas 2000; Robinson et al. 2001 (Post et al. 1976) , altered incentive motivation (Shippenberg and Heidbreder 1995; Taylor and Horger 1999; Robbins and Everitt 1999) and impaired cognitive and executive function (Jentsch et al. 1997 (Jentsch et al. , 2000 Rogers et al. 1999; Robbins and Everitt 1999; Grant et al. 2000; Ornstein et al. 2000) after chronic stimulant drug administration.
The compulsive drug seeking and taking behavior that is characteristic of drug addiction has recently been attributed to complex, inter-related dysfunctions in neural systems mediating incentive motivation and behavioral regulation (e.g., the striatum, amygdala and ventral frontal cortex; Jentsch and Taylor 1999; Robbins and Everitt 1999; Volkow and Folwer 2000; Berke and Hyman 2000) . Several lines of evidence support this hypothesis. First, drug addicts exhibit altered cerebral blood flow and metabolism within the striatum, amygdala and frontal cortex both at baseline and after drug-induced craving (c.f. Volkow and Fowler 2000; London et al. 2000) . Second, chronic drug administration affects the neurochemistry and anatomy of these brain regions in animal models (Nestler and Aghajanian 1997; Robinson and Kolb 1997; Wolf 1998; Berke and Hyman 2000; Vandershuren and Kalivas 2000; Robinson et al. 2001) . Third, neurobehavioral studies in humans and animals have provided evidence for abnor-mal locomotor and stereotypic behavior (Post et al. 1976) , altered incentive motivation (Shippenberg and Heidbreder 1995; Taylor and Horger 1999; Robbins and Everitt 1999) and impaired cognitive and executive function (Jentsch et al. 1997 (Jentsch et al. , 2000 Rogers et al. 1999; Robbins and Everitt 1999; Grant et al. 2000; Ornstein et al. 2000) after chronic stimulant drug administration.
Because of its important role in decision-making (Bechara et al. 2000) and inhibitory control over pre-potent behavior (Roberts and Wallis 2000) , an involvement of ventromedial regions of the frontal cortex in drug abuse has been proposed. In essence, impairments of frontal lobe function are thought to effectively 'un-gate' subcortically-mediated, conditioned tendencies (such as established instrumental responses to obtain and consume drugs), resulting in the compulsive drug seeking and taking that characterize addiction (Jentsch and Taylor 1999) . Nevertheless, few studies have directly investigated the long-term consequences of prolonged exposure to addictive drugs on frontal cortex cognitive function, particularly in non-human primates.
The aim of the current studies was to directly evaluate the function of the prefrontocortico-amygdalo-striatal system after repeated, intermittent cocaine administrations to monkeys. Using an animal model in which drug treatment (schedule and dosing) and withdrawal can be experimentally controlled, we employed a wellcharacterized behavioral task, the acquisition and reversal of a 3-choice object discrimination. These behavioral tests allow for the examination of stimulus-reward learning (acquisition of a novel object discrimination), as well as conditioned reinforcement and inhibitory modulation of reward-related behavior (reversal learning). By employing a 3-choice object discrimination (see Arnsten et al. 1997) , we can directly examine the patterns of errors made by subjects in order to determine whether, for example, responses are perseverative or random in nature. Systematic studies in monkeys with discrete cortical lesions have demonstrated that acquisition of a novel discrimination depends largely on the infero-and mesial temporal lobe (Gaffan et al. 1993) , while reversal learning is additionally sensitive to orbitofrontal cortical function (Butter 1969; Gaffan et al. 1993; Dias et al. 1996) . We hypothesized that repeated cocaine administrations would result in impaired reversal learning without affecting the acquisition of novel discriminations, behavioral effects that would indicate specific orbitofrontal cortical dysfunction.
MATERIALS AND METHODS

Animals
Young adult male (n ϭ 10) and female (n ϭ 12) Vervet monkeys ( Cercopithecus aethiops sabaeus ) were used as subjects. All animals were experimentally naive at the start of these experiments. The monkeys were housed in standard stainless steel primate cages in an open, but covered, facility at the St Kitts Biomedical Research Facility. Water was available ad libitum, while food was given in excessive amounts but only after daily testing was completed. All protocols were approved by the Yale University and St Kitts Biomedical Research Foundation animal care and use committees, and the practices and procedures employed were consistent with The Guide for the Care and Use of Laboratory Animals (National Institutes of Health).
Drugs
Cocaine hydrochloride (NIDA, Rockville MD) was dissolved in sterile saline, filtered and injected intramuscularly at a volume of 0.1 ml/kg. In the acute cocaine study, monkeys were treated with saline or cocaine (1 mg/kg) 20 min prior to testing. For the repeated, intermittent cocaine studies, monkeys were treated once daily with saline (0.1 ml/kg) or cocaine (2 or 4 mg/kg) for 14 days. Subjects were treated in their home cages.
Object Discrimination Testing
Testing was carried out using a modified Wisconsin General Test Apparatus that was attached to the monkey's home cage, as described by Taylor et al. (1990) . The apparatus consisted of a tray with three food wells and an opaque screen, positioned between the monkey and the tray, that could be lowered and raised. All monkeys received initial habituation to the apparatus and had been trained to perform five object discriminations and three reversals prior to the experiments described in this manuscript. This allowed for all monkeys to be performing the acquisition and reversal of visual discriminations at a consistent and competent level prior to any pharmacological studies; there were no differences between the groups that went on to receive saline or cocaine prior to any drug being administered.
On each testing day, a novel set of visually distinct objects was chosen; therefore, the subjects were required to learn a new operational stimulus-reward association at the beginning of each testing session. The objects used were similar in size though the color and shape of the three objects was intentionally different. To control for overall object preferences or aversions, the object that was chosen to be the 'positive' (reward-associated) stimulus was balanced across all monkeys and treatment groups. The objects completely covered and concealed the food wells. The spatial positions of the objects were balanced across all trials, and trial order varied from day to day.
At the initiation of a testing session, the reward (a banana slice or a mini marshmallow) was hidden under the positive stimulus after an opaque screen was lowered between the monkey and the experimenter (the monkey was never allowed to see the reward being placed under any object). The screen was then raised, and the monkey was allowed to choose one object only (the screen was lowered if the monkey moved an object sufficiently to reveal the food well underneath). The position of the objects were then altered and the food wells were re-baited before raising the screen for the next trial. The inter-trial interval was approximately five seconds.
Experiment 1: Acute Cocaine Studies
Between-session Acquisition and Reversal. In an initial experiment, all monkeys were trained on an object discrimination in two subsequent daily sessions, each consisting of 10 trials. The monkeys were then distributed into two groups (see Table 1 ), and they received an injection of saline or 1 mg/kg cocaine i.m. 20 min prior to testing on a 20 trial session in which one of the nonreinforced stimuli from the previous two testing session was now associated with reward (reversal). 'Control' monkeys were drug naïve, having never received cocaine at any point previously during their lives. The total number of errors (choices of the incorrect objects out of 20 trials) and the total number of perseverative errors (choosing the previously reinforced stimulus) were the dependent measures.
Within-session Acquisition and Reversal. One day after being treated and tested on the between-session reversal, the monkeys were evaluated on a within-session version of the object discrimination and reversal task, as described below. The monkeys received an identical injection of cocaine or saline (the monkeys received the same treatments they had on the previous day) 20 min prior to testing. The cocaine-treated monkeys thus received cocaine on two consecutive days, negating our ability to eliminate multiple treatment effects, but the purpose of this study was largely to confirm the results of the between-session reversal experiment, using a within-session version.
The monkeys were first allowed to search the objects for the reward on consecutive trials, making one selection per trial. After the monkey selected the positive object and retrieved the reward, another nine trials were given with that same object-reward contingency (a total of 10 including the first selection of the positive stimulus). The number of errors out of 10 trials after the selection of the positive object (acquisition errors) was the dependent measure.
After the 10 acquisition trials, the reward was then hidden beneath only one of previously non-reinforced stimuli (the object that became the positive stimulus in the reversal phase was balanced across monkeys and treatment groups). After the monkey first selected the new positive stimulus, subsequent 19 trials were administered. The total number of selections of the previously rewarded stimulus, including both the initial search and the 20 trials under the reversed contingency, (perseverative errors) and the number of errors committed out of 20 trials after the selection of the new positive object (reversal errors) were the dependent measures. The subjects subsequently received repeated administrations of saline, 2 mg/kg cocaine or 4 mg/kg cocaine once-daily for 14 days (see Table 1 ). These studies used the same subjects employed (above) in the acute drug studies; it is thus important to note that the salinetreated monkeys were those who had previously received only saline, thus still being completely cocainenaïve (Table 1) . No testing was performed during the 2-week treatment period. The duration of withdrawal between drug administration and re-testing (9 and 30 days) was chosen in order to explore the persistence of any observed behavioral effects and the independence of these effects from possibly residual plasma or tissue levels of cocaine. Nine days after the final administration of cocaine or saline, the animals were re-tested under drug-free conditions using the within-session acquisition and reversal paradigm described above except that in these sessions, they received a total of 10 trials under the reversed contingency. A small group of monkeys was sacrificed after the day 9 testing session, so only a subset were further tested at 30 days off of the drug (see Table 1 for experimental details).
Statistical Analysis
All drug effects were determined by factorial analyses of variance (saline versus cocaine) with post hoc tests (Student Newman-Keuls) to determine levels of significance. Analyses were performed using Statview 5.0 (SAS Institute, Cary, NC). Data in the text and figures represent means ϩ S.E.M.
RESULTS
Acute Cocaine Experiments
In the first experiment, monkeys were tested for reversal of a previously learned association (between-session reversal) 20 min after an acute administration of cocaine (1 mg/kg) or saline. The number of reversal errors committed out of the total of twenty trials was significantly increased in the cocaine-treated group relative to control monkeys ( Figure 1 , Panel A; F 1,20 ϭ 5.06, p ϭ .04); however, there was no significant effect of treatment on perseverative errors ( Figure 1 , Panel A; F 1,20 ϭ 2.27, p ϭ .15). There were no main effects of sex or sex X treatment interactions (not shown). Separate observations indicated that higher doses of cocaine (2 or 4 mg/kg) resulted in animals being too stimulated to test while under the influence of the drug. One day following the between-session reversal, the monkeys were re-treated with saline or cocaine, and they were tested on a within-session acquisition and reversal (one saline-treated monkey [J053] was excluded because it would not participate in the test). Acute administration of cocaine (1 mg/kg i.m.) 20 min prior to testing produced no effect on acquisition of a novel discrimination. Relative to saline, cocaine did not affect the number of acquisition errors ( Figure 1 A. An acute dose of cocaine (1 mg/kg) impaired reversal of a previously acquired object discrimination using a between-session training paradigm. B. The selectivity of the acute cocaine-induced impairment of reversal learning was demonstrated in a second experiment in which animals acquired and reversed an object discrimination (within-session paradigm) under the effects of cocaine (1 mg/kg).
* p Ͻ .05, ** p Ͻ .01 relative to saline-treated control monkeys. Data represent means ϩ S.E.M. F 1,19 ϭ 0.004, p ϭ .98) were not affected by cocaine treatment. There were no main effects of sex or sex X treatment interactions (not shown). The first two experiments suggest that acute cocaine intoxication resulted in generally disorganized behavior during reversal, as opposed to responding specifically toward the originally reinforced stimulus.
Repeated, Intermittent Cocaine Experiments
After the acute cocaine studies, the monkeys were subsequently treated repeatedly with cocaine (2 or 4 mg/kg i.m.) or saline once daily for 14 days. Nine days after the final pre-treatment, acquisition and reversal of a novel discrimination was assessed (withinsession) under drug free conditions; there were no main effects of drug treatment on acquisition errors (Figure 2 ; F 2,19 ϭ 0.35, p ϭ .71), suggesting that acquisition of a novel discrimination was not affected by previous drug treatment. In contrast, there were main effects of drug treatment for the number of reversal errors (Figure 2 ; F 2,19 ϭ 7.11, p ϭ .005) and perseverative errors (Figure 2 ; F 2,19 ϭ 3.56, p ϭ .04). There were no main effects of sex or sex X treatment interactions (not shown). Post hoc analyses revealed that, as a group, both the 2 and 4 mg/kg cocaine monkeys exhibited increased reversal learning errors relative to the control subjects, while only the 2-mg/kg cocaine group showed statistically significant increases in perseverative errors. Four monkeys were sacrificed after the day 9 withdrawal testing session (see Table 1 ).
The remaining monkeys were tested again at 30 days post drug treatment; a qualitatively similar pattern of performance deficits was observed. There was no main effect of drug treatment on acquisition learning errors (Figure 3 ; F 2,15 ϭ 0.27, p ϭ .77); however, analysis of variance revealed a main effect of treatment on reversal errors (Figure 3; F 2,15 ϭ 7.45, p ϭ .006) . Post hoc analysis demonstrated that this effect was due to significantly elevated errors during reversal in the 2 mg/kg group ( p ϭ .005); a strong trend for increased errors was evident in the 4 mg/kg group ( p ϭ .07). An overall ANOVA performed to examine the effect of treatment on perseverative errors also showed a strong trend though it did not achieve statistical significance ( Figure 3 ; F 2,15 ϭ 3.18, p ϭ .07), possibly due to the smaller number of monkeys evaluated. Again, there were no main effects of sex or sex X treatment interactions (not shown). 
DISCUSSION
The current data demonstrate persistent impairments of reversal learning in monkeys after prior repeated, intermittent administration of cocaine. Notably, repeated, intermittent cocaine treatment did not affect acquisition of a novel object discrimination. Operationally, these two conditions (reversal and novel discrimination learning) differ only in the additional need to inhibit a previously established response tendency under reversal conditions. Thus, these data suggest that monkeys treated repetitively with cocaine exhibit abnormally strong interference from previously conditioned stimulus-reward contingencies and/or an inability to inhibit this now irrelevant information in the face of new reinforcement contingencies. This interpretation is further supported by the finding that, after repeated cocaine administrations, the drug-treated animals exhibited a specifically perseverative pattern of responding, selecting the previously rewarded (now non-reinforced) object rather than the neutral object. The use of the 3-object paradigm allows us to distinguish perseverative from random responses, and the current data suggest that acute versus chronic cocaine administration can produce dissociable effects on these types of errors.
Acute treatment with cocaine also produced reversal learning deficits like repeated, intermittent treatment; however, these deficits were not necessarily perseverative in nature and effects of only one acute dose (1 mg/ kg) were studied. It remains possible that higher or lower doses would have qualitatively and/or quantitatively different effects. Of relevance, the effects of acute cocaine administration on "repeated acquisition" performance, in which monkeys are trained to produce new response chains and then modify the response sequence when contingencies subsequently change, has been explored previously. This behavioral paradigm involves components of both new learning and behavioral flexibility, similar to discrimination acquisition and reversal. Acute cocaine, across a dose range, was found to impair performance of this task (Thompson and Moerschbaecher 1979; Evans and Wenger 1992) . These effects are consistent with the current (albeit limited) results indicating reversal learning impairments after administration of a single dose of cocaine (1 mg/kg).
Relation to Neuropsychological Studies in Drug Addiction
Drug addicts who predominantly abuse amphetamine, cocaine, heroin, alcohol or phencyclidine exhibit performance deficits on tasks that require response inhibition, decision making and/or cognitive flexibility (Cosgrove and Newell 1991; McKetin and Mattick 1998; O'Malley et al. 1992; Rogers et al. 1999; Ornstein et al. 2000; Grant et al. 2000) . The deficits exhibited by drug abusers include impairments of set shifting, planning (Ornstein et al. 2000) and decision-making (Rogers et al. 1999; Grant et al. 2000) . Moreover, these deficits are relatively specific because performance of tasks that depend largely on the temporal lobe (pattern recognition, for example) is unimpaired in chronic stimulant abusers (Rogers et al. 1999; Ornstein et al. 2000) . While these could be interpreted as indicating that addicts have an underlying orbitofrontal dysfunction that predisposes them to drug abuse, our results indicate that prior cocaine exposure is sufficient to produce cognitive deficits reminiscent of orbitofrontal cortical dysfunction. Therefore, the frontal lobe impairments in drug abusers may be a consequence of, as well as a pre-disposing factor to, addiction. Drug abusers often exhibit complex patterns of polysubstance abuse, as well as comorbid psychiatric and neurological disorders, which can frequently complicate experimental interpretations; however, the current data in monkeys indicates that withdrawal from even a relatively short duration of exposure to cocaine can result in behavioral impairments.
Brain Lesions and Object Discrimination Performance
Discrimination learning is affected as a result of discrete lesions of inter-related cortical and subcortical structures (Butters 1969; Gaffan et al. 1993; Dias et al. 1996; Swainson et al. 2000; Roberts and Wallis 2000) . In particular, lesions of mesial temporal cortical structures, including the amygdala and entorhinal cortex, impair the acquisition of novel object discriminations by monkeys (Gaffan et al. 1993) , though the degree of the behavioral impairment depends upon the method used to produce the lesion (aspiration versus excitotoxin infusion; Malkova et al. 1997) . In contrast, the magnitude of the object discrimination impairment produced by orbitofrontal cortical lesions depends upon whether the discrimination to be acquired is novel or is a reversal of a previously learned association (Butters 1969; Gaffan et al. 1993; Dias et al. 1996) . Specifically, orbital cortex lesions profoundly impair reversal learning while having little effect on novel discrimination acquisition. The effects of repeated cocaine administrations, reported in this study, were remarkably similar to those produced by orbitofrontal cortex lesions.
Imaging Studies of Orbitofrontal Function in Drug Addiction
In vivo imaging evidence supports a correlation between orbitofrontal dysfunction and drug addiction. Regional metabolic abnormalities within the orbitofrontal cortex and striata of drug abusers have been reported (reviewed in London et al. 2000; Childress et al. 1999; Volkow and Fowler 2000) . It is noteworthy that the metabolic abnormalities in drug addicts occur in the brain regions that are activated by performance of setshifting, reversal learning and decision making tasks in normal humans (Rogers et al. 1999; London et al. 2000) . These studies indicate that interactions between cortical and subcortical regions are likely implicated in the psychopathology produced by drug intake and would support the notion that the impairments of reversal learning reported here may involve components of altered stimulus-reward learning, conditioned reinforcement and inhibitory control of rewarded responses (Jentsch and Taylor 1999) .
Pharmacological Implications of OrbitofrontalStriatal Dysfunction in Addiction
The hypothesis of frontal dysfunction in drug abuse is consistent with several therapies that may be effective treatments for drug addiction. For example, Self and colleagues (1996) found that dopamine D1 receptor agonists can reduce drug-seeking behavior in a self-administration paradigm. Given the relative enrichment of dopamine D1 receptors in the frontal cortex (Bergson et al. 1995) and the failure of intra-accumbens D1 agonist infusions to produce similar effects (Karanian et al. 1999) , it may be that systemic administration of the D1 agonist is acting within cortical regions to modulate impaired gating of striatal function. These results are consistent with the cognitive effects produced by administration of D1 agonists in a variety of behavioral paradigms (Zahrt et al. 1997; Cai and Arnsten 1997; Granon et al. 2000) . Moreover, a partial dopamine D3 receptor agonist has been shown to reduce cocaineseeking behavior (Pilla et al. 1999) , and these receptors are highly enriched in the ventral striatum (Diaz et al. 1995) . Animal models of frontostriatal dysfunction in drug addiction may be used to evaluate the neurochemical bases of the frontal lobe dysfunction, as well as to evaluate the pharmacological responsivity of frontal lobe impairments in drug-treated subjects. The application of these methods in non-human primates is especially warranted given the limited homology between the rodent and primate and human frontal cortices.
Summary
These studies are the first indication that repeated administrations of cocaine to monkeys is sufficient to produce a form of orbitofronto-striatal dysfunction similar to that reported in drug addiction. Repetitive administrations of cocaine to monkeys produced impairments of reversal learning that persist even after cessation of drug administration. Additional studies may indicate how drug-induced changes in cortical neuron morphology (Robinson and Kolb 1997; Robinson et al. 2001) , signal transduction mechanisms (Nestler and Aghajanian 1997), cortical-subcortical physiological interactions (Onn and Grace 2000) or excitatory amino acid and monoaminergic neurotransmission (Wolf 1998; Robbins and Everitt 1999; Berke and Hyman 2000; Vanderschuren and Kalivas 2000) contribute to this form of addiction-related psychopathology.
